Photosystem I of Chlamydomonas reinhardtii is composed of nine Light-harvesting complexes (Lhca) located on one side of the core by Drop, B.A. et al.
VU Research Portal
Photosystem I of Chlamydomonas reinhardtii is composed of nine Light-harvesting
complexes (Lhca) located on one side of the core
Drop, B.A.; Webber-Birungi, M.; Fusetti, F.; Kouril, R.; Redding, K.; Boekema, E.J.; Croce,
R.
published in
Journal of Biological Chemistry
2011
DOI (link to publisher)
10.1074/jbc.M111.301101
document version
Publisher's PDF, also known as Version of record
Link to publication in VU Research Portal
citation for published version (APA)
Drop, B. A., Webber-Birungi, M., Fusetti, F., Kouril, R., Redding, K., Boekema, E. J., & Croce, R. (2011).
Photosystem I of Chlamydomonas reinhardtii is composed of nine Light-harvesting complexes (Lhca) located on
one side of the core. Journal of Biological Chemistry, 286, 44878-44887.
https://doi.org/10.1074/jbc.M111.301101
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl
Download date: 27. May. 2021
Photosystem I of Chlamydomonas reinhardtii Contains Nine
Light-harvesting Complexes (Lhca) Located on One Side of
the Core*□S
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Background: Photosystem I is a multiprotein complex essential for the photosynthetic process.
Results: Photosystem I of Chlamydomonas reinhardtii contains nine Lhca complexes arranged on one side of the core.
Conclusion: A model of the subunits organization in the Photosystem I supercomplex is presented.
Significance: The sequence of the system (dis)assembly relates to the function of the subunits.
In thisworkwehave purified thePhotosystem I (PSI) complex
of Chlamydomonas reinhardtii to homogeneity. Biochemical,
proteomic, spectroscopic, and structural analyses reveal the
main properties of this PSI-LHCI supercomplex. The data show
that the largest purified complex is composed of one core com-
plex and nine Lhca antennas and that it contains all Lhca gene
products. A projectionmap at 15 Å resolution obtained by elec-
tronmicroscopy reveals that theLhcas are organizedonone side
of the core in a double half-ring arrangement, in contrast with
previous suggestions. A series of stable disassembled PSI-LHCI
intermediates was purified. The analysis of these complexes
suggests the sequence of the assembly/disassembly process. It is
shown that PSI-LHCI of C. reinhardtii is larger but far less sta-
ble than the complex from higher plants. Lhca2 and Lhca9 (the
red-most antenna complexes), although present in the largest
complex in 1:1 ratio with the core, are only loosely associated
with it. This can explain the large variation in antenna compo-
sition of PSI-LHCI from C. reinhardtii found in the literature.
The analysis of several subcomplexes with reduced antenna size
allows determination of the position of Lhca2 and Lhca9 and
leads to a proposal for a model of the organization of the Lhcas
within the PSI-LHCI supercomplex.
The light reactions of photosynthesis are carried out by four
large protein complexes: Photosystem II (PSII),2 cytochrome
b6/f, Photosystem I (PSI), and ATP synthase. Like the other
complexes, PSI is located in the thylakoid membrane of cyano-
bacteria, algae, and plants (1, 2). It catalyzes light-driven elec-
tron transport from plastocyanin, which is present in the thy-
lakoid lumen, to ferredoxin, which is located in the stroma.
With almost 100% quantum efficiency, PSI is considered to be
the most efficient light-capturing and energy conversion appa-
ratus found in nature (3, 4).
PSI evolved well over 1 billion years ago, probably over 2
billion years ago. It is thought to represent an elaboration of the
simple homodimeric type I reaction centers of primordial
organisms into the sophisticatedmachinery that we know from
plants and algae (3). During evolution, different groups of pho-
tosynthetic organisms colonized diverse ecological niches. As a
consequence of adaptation to different environmental condi-
tions, PSI design underwent structural rearrangements, most
having to do with the peripheral antenna system. In the lineage
that produced green algae and plants, this led to the addition of
several specific complexes that enhance the light-harvesting
capacity of the system (5–7). In cyanobacteria PSI exists as a
trimer (8), whereas in plants and green algae, PSI is monomeric
and is composed of two moieties: the PSI core complex and an
outer antenna system composed of light harvesting complexes
(LHCI) (9).
The PSI core is responsible for light-driven charge separation
and electron transfer. It coordinates around 100 chlorophylls
and 20 -carotene molecules. Its primary and tertiary struc-
tures are highly conserved among green algae and plants; 14
subunits are present in both types of organisms (PsaA-PsaL and
PsaN-PsaO), whereas PsaP is present in plants but so far seems
to be absent in algae (4, 10). The central part of the core com-
plex is composed of two large proteins, PsaA and PsaB, which
binds all of the cofactors of the electron transfer chain (11),
except for the last 2 Fe4S4 clusters (FA and FB). These are bound
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to the peripheral subunit PsaC, which together with PsaD and
PsaE forms the docking site for ferredoxin on the stromal side
of the membrane (12, 13). PsaF and PsaN are important for
electron transfer from plastocyanin to P700 (14, 15). PsaJ is a
hydrophobic protein located close to PsaF and plays a role in
the stabilization of this subunit conformation (16). PsaH, PsaI,
PsaL, and PsaO form a cluster of integral membrane proteins,
placed on one side of the core, where they are involved in inter-
actions with LHCII during state transitions (17, 18). PsaG and
PsaK are located near PsaA and PsaB, respectively (12, 13), and
have been proposed to be important for the association of the
outer antenna with the core (10, 19, 20). The outer antenna
extends the light-harvesting capacity and ensures photoprotec-
tion (20). The genes encoding the antenna complexes of PSI of
plants and green algae are members of the Lhcmultigene fam-
ily, which also includes the antenna complexes of PSII. These
complexes show structural homology in that each Lhc polypep-
tide has three transmembrane -helices and coordinates Chls
a, Chls b, and different carotenoid molecules (21).
The structure of PSI-LHCI in land plants has been deter-
mined to 3.3 Å of resolution and reveals the location of four
Lhca proteins (encoded by the lhca1–4 genes) on one side of
the core (13, 20, 22). Two additional Lhca genes, lhca5 and
lhca6, were identified in Arabidopsis thaliana (A.t.), but their
products are present at much lower levels compared with the
other Lhca complexes (23–25). The structure of the PSI-LHCI
complex of green algae is not available, but biochemical and
structural (via electron microscopy) analyses have suggested
that PSI-LHCI of Chlamydomonas reinhardtii differs in size
and antenna composition from its counterpart in plants (26,
27). Indeed, nine lhca genes have been identified in C. rein-
hardtii (28). All of them are expressed in normal conditions
(29), and all gene products were shown to coordinate pigments
(30). Based on their content of long wavelength Chls (“red
forms”) and on their fluorescence emission maxima, the Lhca
complexes were divided into three subclasses: “blue Lhca”
(Lhca1, Lhca3, and Lhca7) with emission maxima at 682.5–
683.5 nm, “intermediate Lhca” (Lhca5, Lhca6, and Lhca8) with
maxima between 694.5 and 697.5, and “red Lhca” (Lhca2,
Lhca4, and Lhca9) with maxima between 707 and 715 nm (30).
Based upon biochemical characterization, it was suggested
that C. reinhardtii PSI-LHCI (C.r.PSI-LHCI) contains between
6 and 14 Lhca subunits (31–34). Recently the Lhca/core stoi-
chiometry was estimated using mass spectrometry, suggesting
the presence of 7.5  1.4 Lhca subunits per PSI core (35). The
Lhca complexes were categorized into three groups; that is,
those present in a substoichiometric amountwith respect to the
core (Lhca2, Lhca5, Lhca6, Lhca8, and Lhca9), those present in
a 1:1 ratio with the core (Lhca1, Lhca4, and Lhca7), and Lhca3
present at a 2:1 ratio (35), suggesting a heterogeneous compo-
sition of the PSI-LHCI complex. It was also shown that six Lhca
subunits (Lhca1, Lhca4–8) may even assemble in the absence
of PSI core complex (33, 36).
Three structural models ofC.r.PSI-LHCI complex have been
proposed based on single particle electron microscopy analysis
(26, 27, 37).When comparedwith higher plant PSI, theC.r.PSI-
LHCI particles displayed additional densities, suggesting a
larger antenna size. Germano et al. (26) suggested that about 14
Lhca complexes are associated with the core. Most of them are
present on the PsaJ/PsaF side, whereas 2–3 Lhca bind to the
PsaH subunit. Kargul et al. (27) proposed that 11 Lhcas are
arranged on the PsaG/F/J/K side, but they later revised their
model, suggesting that LHCI is made up of six Lhca subunits,
four of which are located at the same position as the four Lhcas
in higher plants, and two of which are at the PsaH side (37).
In thisworkwe have purified several PSI (sub)complexes that
differ in protein composition, and we have analyzed them via a
combination of biochemical, spectroscopic, and electron
microscopy (EM) measurements, with the aim of revealing the
functional architecture of this complex.
EXPERIMENTAL PROCEDURES
Strain andGrowthConditions—AC. reinhardtii strain (JVD-
1B[pGG1]) in which a hexahistidine tag had been added to the
N terminus of PsaA (38) was grown in liquid Tris-acetate-phos-
phate medium (39). Cells were cultured at room temperature
(25 °C) on a rotary shaker under an illumination flux of 10mol
of photons photosynthetically active radiation m2 s1.
Thylakoids Preparations—Cells were harvested by centrifu-
gation (4000 rpm, 6 min, 4 °C) in the mid-logarithmic phase
(A750 nm 0.7), and thylakoidswere prepared as in Fischer et al.
(40) with a few modifications. Cells were disrupted by sonica-
tion (60 watt power in 10 cycles of 10 s on/30 s off) and centri-
fuged (15,000 rpm, 20 min, 4 °C). Thylakoid membranes were
separated on a discontinuous gradient (24,000 rpm, 1 h, 4 °C) in
a SW41 swinging bucket rotor as described (40).
Purification of the His-tagged PSI Complex—Thylakoid
membranes were washed 3 times first with 10 mM Hepes (pH
7.5) buffer, then with 5 mM EDTA, and finally with 10 mM
Hepes (pH7.5).Membraneswere resuspended in solubilization
buffer (20 mM Hepes (pH 7.5), 0.2 M NaCl) to a chlorophyll
concentration of 1 mg/ml, and an equal volume of 0.9% -do-
decylmaltoside (-DM) was added. Samples were vortexed for
few seconds and then centrifuged (15,000 rpm, 10 min, 4 °C) to
remove unsolubilized material. The supernatant was loaded
onto a HisTrap HP Column (GE Healthcare). The column was
equilibrated with 20 mM Hepes (pH 7.5), 0.2 M NaCl, 0.03%
-DM, and washed with the same buffer. Elution was carried
out with 20 mM Hepes (pH 7.5), 0.25 M imidazole, and 0.03%
-DM. The eluted fraction was loaded on a sucrose density
gradient (made by freezing and thawing 0.65 M sucrose, 10 mM
Tricine (pH 7.8), 0.03% -DM buffer) and purified to homoge-
neity by ultracentrifugation (41,000 rpm, 17 h, 4 °C). The puri-
fication of PSI from A.t. was performed under the same condi-
tions used for the purification of theChlamydomonas PSI, with
the difference that upon solubilization the thylakoid mem-
branes were directly loaded on the sucrose gradient.
Gel Electrophoresis—Proteins were analyzed by a SDS-PAGE
in a Tris-sulfate buffer system prepared as in Bassi (41). 3 g of
sample (in Chls) was loaded into each well. Non-denaturing
gels were prepared as in Peter and Thornber (42) with a few
modifications. The resolving gel contained a 4–10% acrylamide
gradient, and 0.01%SDSwas added to the upper running buffer.
Some of the PSI-LHCI samples were solubilized with 1% -DM
and 0.4% ZWITTERGENT (at a Chl concentration of 0.4 mg
ml1).
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In-gel Tryptic Digestion—For mass spectrometry-based pro-
tein identification, the green bands were excised from the gel
and treatedwith 10mMDTT followed by 55mM iodoacetamide
in 50 mM NH4HCO3 to reduce and alkylate cysteine residues
and subsequently dehydrated by incubation for 5 min in 100%
acetonitrile. The gel slices were rehydrated in 10 l of trypsin
solution (Trypsin Gold, mass spectrometry grade, Promega 10
ng/l in 25 mM NH4HCO3) and incubated for 2 h at 37 °C.
Subsequently 10 l of 25 mM NH4HCO3 was added to prevent
drying, and the incubation was prolonged overnight at 37 °C.
The tryptic peptides were recovered by three subsequent
extractions with 50 l of 35%, 50, and 70% acetonitrile in 0.1%
TFA. The extracted peptides were pooled and concentrated
under vacuum.
For in-solution tryptic digestion, samples containing around
10g of proteinwere diluted to 20l in 100mMNH4HCO3. For
reduction and alkylation, the samples were incubated for 60
min at 55 °C in the presence of 10 mM DTT followed by the
addition of iodoacetamide (final concentration of 50 mM) and
incubation at room temperature for 30 min. After the addition
of 0.5 g of trypsin, the samples were incubated over night at
37 °C.
Liquid Chromatography-Mass Spectrometry (LC-MS)—
Fractions of the peptide mixtures from in-gel trypsin digestions
were diluted in 5% formic acid, passed through a pre-column
(EASY-Column C18, 100 m  20 mm, 5-m particle size,
Thermo Scientific, Bremen, Germany), and separated on a capil-
lary column (C18 PepMap 300, 75 m  250 mm, 3-m particle
size, Dionex, Amsterdam, The Netherlands) mounted on a
Proxeon Easy-LC system (Proxeon Biosystems, Odense, Den-
mark). Solutions of 0.1% formic acid in water and a 0.1% formic
acid in 100% acetonitrile were used as themobile phases. A gradi-
ent from 4 to 40% acetonitrile was performed in 140min at a flow
rateof300nl/min.Elutedpeptideswereanalyzedusinga linear ion
trap-Orbitraphybridmass spectrometer (LTQ-Orbitrap,Thermo
Scientific). MS scans were acquired in the Orbitrap in the range
from 400 to 1800 m/z, with a resolution of 60,000 (full-width at
half-maximum). The 7most intense ions per scanwere submitted
to MS/MS fragmentation (35% Normalized Collision EnergyTM)
and detected in the linear ion trap.
Protein Identification—The MS raw data were submitted to
Mascot (Version 2.1, Matrix Science, London, UK) using the
Proteome Discoverer 1.0 analysis platform (Thermo Scientific)
and searched against the C. reinhardtii proteome. Peptide tol-
erance was set to 10 ppm and 0.9 Da for intact peptides and
fragment ions, respectively, using semi-trypsin as protease
specificity and allowing for up to 2missed cleavages. Oxidation
of methionine residues, deamidation of asparagine and gluta-
mine, and carboamidomethylation of cysteines were specified
as variable modifications. The MS/MS-based peptide and pro-
tein identifications were further validated with the program
Scaffold (Version Scaffold_3.0, Proteome Software Inc., Port-
land, OR). Protein identifications based on at least 2 unique
peptides identified by MS/MS, each with a confidence of iden-
tification probability higher than 95%, were accepted. All
assigned spectra used for the spectral count analysis were
derived from at least two experiments with the exception of the
Lhca content in fraction A4.
SpectroscopicAnalysis—Room temperature absorption spec-
tra were recorded with a Cary 4000 spectrophotometer (Var-
ian). Room temperature and 77 K fluorescence emission spec-
tra were recorded using a Fluorolog 3.22 spectrofluorimeter
(Jobin Yvon-Spex). The excitation wavelengths were 440, 475,
and 500 nm, and excitation and emission slits were set to 3.5
nm. For low temperature measurements, samples were in
66.7% glycerol (w/v), 10 mM Tricine (pH 7.8), 0.03% -DM.
Pigment Composition—The pigment composition of the
complexes was analyzed by fitting the spectrum of the acetone
extracted pigments with the spectra of the individual pigments
in acetone and by HPLC as described (43). The data are the
results of at least two different preparations.
Electron Microscopy and Single Particle Analysis—To
improve sample purity and contrast in electron microscopy
micrographs, the sucrose content of the gradient fractions
was reduced by dialysis (2–4 h at 4 °C; Spectra/Por 12–14-
kDa cut-off). After dialysis, specimens were prepared for
negative staining with 2% uranyl acetate on glow-discharged
carbon-coated copper grids. Electron microscopy was per-
formed on a Philips CM120 electron microscope equipped
with a LaB6 tip, operated at 120 kV. Images were recorded
with a Gatan 4000 SP 4K slow-scan CCD camera at 133,000
magnification with a pixel size of 0.225 nm at the specimen
level after binning the images. GRACE software was used for
semiautomated data acquisition (44). Single particles were
analyzed with the Groningen Image Processing software,
including multireference and non-reference alignments,
multivariate statistical analysis, and classification as previ-
ously described (45). To sharpen the final images, limited
numbers of projections (500–2000) of homogeneous classes
were summed, with the correlation coefficient in the final
alignment step as a quality parameter.
RESULTS
Isolation and Fractionation of PSI-LHCI Complexes—PSI-
LHCI was purified in two steps from a strain carrying a hexa-
histidine tag at the N terminus of core subunit PsaA. Thylakoid
membranes weremildly solubilized, and PSI particles were first
purified on a nickel-Sepharose column. To obtain homogene-
ous preparations of PSI and to check for the presence of PSI
complexes with different sizes, the eluted fraction was then
subjected to sucrose density gradient ultracentrifugation. Two
green bandswere separated (B1 andB2; Fig. 1A), indicating that
the elution contained two populations of complexes differing in
molecular mass. These chlorophyll-protein complexes were
collected and subjected to biochemical and spectroscopic
analysis.
PSI-LHCI; Protein Composition—The protein compositions
of the two fractions were visualized by SDS-PAGE (Fig. 1B).
The polypeptide profile analysis confirmed the presence of PSI
in both fractions. A broad band at high molecular mass corre-
sponds to the PSI reaction center core subunits, PsaA and PsaB,
that have an apparent molecular mass of65 kDa and typically
migrate as a diffuse band. Bands in the 20–27-kDa range cor-
respond to LHCI antennae and the stromal subunits PsaD and
PsaF, whereas those in the 10–20-kDa range arise from small
core subunits (10, 31).Nobands corresponding to PSII subunits
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were visible in the gel, indicating that both PSI complexes were
free from PSII contamination, as seen before with the unfrac-
tionated eluate (38). Although the bandpatternwas very similar
for the two fractions, the ratio between core subunits and Lhca
complexes was higher in B1 than in B2, suggesting that the two
fractions contain PSI complexes with different antenna sizes.
B2 thus represents the largest complex, and in the following it is
called PSI-LHCI. B1 is likely the result of a partial disassembly
of PSI-LHCI during purification, as indicated by the fact that
Lhca complexes were observed in the flow-through of the
nickel column (supplemental Fig. S1). However, we cannot
exclude that this fraction also contains the assembly interme-
diate recently observed by Ozawa et al. (10).
To determine in more detail the protein composition of PSI-
LHCI, we performed a mass spectrometry analysis. A shotgun
proteomics approach revealed the presence of all nine Lhca
proteins (Lhca1–9) and all PSI core subunits, with the excep-
tion of PsaI and PsaO. These subunits are likely to be present in
the complex but are unidentifiable by tryptic digestion because
the resulting peptides would be too short and would not be
detectable in our experimental setup. PsaN and PsaJ were not
identified in all experiments and were only seen via one unique
peptide, so they are not considered in the analysis.
The proteomic analysis also confirms the high purity of the
preparation (Fig. 1C); 94% of theMS/MS spectra were assigned
to peptides originating from PSI or LHCI, with 55% from Lhca
polypeptides and 39% from PSI core subunits. Only 6% were
due to impurities, of which 4% stemmed from ATP synthase
subunits. No PSII or LHCII subunits were detected in the
preparation.
PSI-LHCI; Pigment Composition—Pigment analysis indi-
cated a Chl a/b ratio of 4.4 in the purified PSI-LHCI complex
(Table 1). The main carotenoids were -carotene, lutein, and
violaxanthin. Loroxanthin was present in low amounts, in
agreement with previous results indicating that this xantho-
phyll is mainly associated with PSII (46). No traces of neoxan-
thin could be detected, consistent with the fact that this xan-
thophyll is not present in PSI and that the preparation is not
contaminated by PSII complexes. The Chl a/b ratio of C.r.PSI-
LHCI is far lower than that of the PSI-LHCI complex of higher
plants (a/b 8.5–9) (47, 48).We envision two possible origins for
this difference: 1) a higher number of antenna complexes asso-
ciated with C.r.PSI-LHCI as compared with plant PSI-LHCI
and/or 2) a higher complement of Chl b in the Lhca complexes
of C. reinhardtii as compared with the homologues of higher
plants. Both effects probably contribute. Indeed, if the chloro-
phyll composition of the C.r.Lhca were the same as in higher
plants (14 Chls per complex with a Chl a/b ratio of 3.7 (49)),
then 48 Lhcas would be needed to explain a Chl a/b ratio of 4.4
inC.r.PSI-LHCI!On the other hand, to explain this value purely
in terms of a different affinity for Chl a and b, the C.r.Lhcas
would need to have aChl a/b ratio of 1.2, which is far lower than
observed for both native and reconstituted complexes (27, 30,
31, 33).
PSI-LHCI; Spectroscopic Characterization—The PSI-LHCI
absorption spectrum at room temperature shows a maximum
at 679 nm (Fig. 2a). Compared with the complex of higher
plants (Fig. 2a), C.r.PSI-LHCI is characterized by (i) an
increased absorption in the Chl b region (630–660 nm), in
agreement with the lower Chl a/b ratio and (ii) a decreased
absorption in the region above 700 nm, indicating a lower con-
tent of red forms, as observed previously (26, 31).
The fluorescence emission spectrum of C.r.PSI-LHCI at low
temperature (77 K) exhibits a maximum at 715 nm, and it is
practically identical to the spectrum of PSI in the cell (Fig. 2b),
indicating that the purified complex maintains its in vivo prop-
erties. Although the emission maximum of the C. reinhardtii
complex is 18 nm-blue-shifted compared with the spectrum of
plant PSI-LHCI (Fig. 2c and Refs. 27, 33, 38, and 50)), the two
spectra have similar characteristics. They are very broad and
strongly red-shifted with respect to the absorption of the com-
plexes, suggesting a similar origin of the red forms (i.e. mixing
of the lowest excitonic statewith a charge transfer state (51, 52))
in the two organisms.
Native PAGE of PSI-LHCI Subcomplexes—To investigate
the stability of PSI-LHCI and to assess the strength of the
association of the individual Lhca complexes with the PSI
core, PSI-LHCI was treated with a combination of Zwitter-
gent and -DM, and the resulting subcomplexes were sepa-
rated by native PAGE. Five bands (A1–A5; Fig. 3A) were
FIGURE 1. Panel A, fractionation of PSI-LHCI eluted from the Ni(II) column by sucrose density gradient. Panel B, SDS-PAGE of green bands B1 and B2 from the
gradient are shown. Panel C, shown is a Venn diagram showing the composition of the PSI-LHCI preparation (fraction B2) based on LC-MS/MS analysis of tryptic
peptides. The sum of the spectra assigned to each group of proteins as well as the fraction of total spectra is indicated.
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observed. Surprisingly, even a very low concentration of
ionic detergent led to a partial dissociation of the complex, as
indicated by the separation of PSI-LHCI into twomain bands
in 0.01% SDS (Fig. 3B), suggesting that part of the antenna is
associated with the core in a relatively loose fashion. The
molecular mass of the PSI (sub)complexes can be roughly
estimated by using A.t.PSI-LHCI (600 KDa) and A.t.PSI-core
(440 kDa) particles as standards. Approximate values of 770,
690, 570, 460, and 370 kDa were found for the molecular
masses of bands A1–A5, respectively. Assuming an average
molecular mass of 35 kDa for an Lhca complex, the A1 frac-
tion should, therefore, contain a PSI complex with 5 Lhcas
more thanA.t.PSI-LHCI and, thus, 9 in total. The A2 fraction
would, therefore, have lost two Lhcas compared with A1,
whereas only three-four Lhcas are expected to be present in
fraction A3. A4 contains a complex smaller than A.t.PSI-
LHCI but larger than A.t.PSI-core, suggesting that it proba-
bly still binds one-two Lhcas. Fraction A5migrates below the
A.t.PSI-core, indicating that it had lost some of the core sub-
units. An additional complex, fraction A6, with an apparent
molecular mass of 140 kDa, was obtained upon very mild
solubilization of the B1 band.
TABLE 1
Pigment compositions of PSI-LHCI supercomplexes from C. reinhardtii (this study) and A. thaliana (48)
The values of individual carotenoids are normalized to 100 Chls (ab).
Chl a/b Chl/carotenoids Loroxanthin Violaxanthin Lutein -Carotene
C.r.PSI-LHCI 4.4  0.1 5.0  0.2 2.0  0.6 4.8  0.6 7.0  1.0 8.5  0.3
A.t.PSI-LHCI 9.7  0.3 4.8  0.1 2.3  0.3 5.5  0.3 13.1  0.3
FIGURE 2. Room-temperature absorption (A) and 77 K fluorescence emission (B and C) spectra of C.r.PSI-LHCI (panels A and C, solid line; panel B, dashed line)
compared with those of cells (panel B, dotted line) and A.t.PSI-LHCI (panels A and C, dashed line). Excitation used for fluorescence spectra was at 440 nm. The
difference between normalized fluorescence emission spectra of cells and C.r.PSI-LHCI is shown in panel B (solid line).
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PSI (Sub)complexes: Protein Composition—To get informa-
tion about the protein composition of the PSI complexes, the
A1-A6 fractions were analyzed by mass spectrometry. To
determine the relative abundance of each subunit in the differ-
ent fractions, spectral count normalization was applied (53).
The Lhca content from all bands is presented in Fig. 4A as
relative values normalized to the abundance of the same sub-
unit in the largest complex (A1 fraction; see supplemental
Table S1 for the protein identification data). The A2 fraction
shows a 90%decrease of Lhca2 andLhca9,whereasA3 shows an
additional loss of 95% of Lhca4, Lhca5, and Lhca6. Surprisingly,
in fractions A4 and A5, for which the mobility on the gel sug-
gests that they represent PSI with strongly reduced antenna
size, all Lhcas were detected with the exception of Lhca2 and
Lhca9. However, in fraction A4, although the amount of Lhca7
and Lhca8 is almost unchanged compared with A1, it is around
40% for all other Lhcas. In the case of fraction A5, all the Lhca
polypeptides are present in similar amounts, but around
20–30% of their content is in A1. Virtually no Lhca proteins
were detected in fraction A6.
The composition of the PSI core subunits in the different
fractions was also analyzed (Fig. 4B). The data indicate a strong
reduction of PsaL and PsaH in fractions A2 and A3. Interest-
ingly, in fractions A4 and A5, PsaF together with PsaG and
PsaK, which have been suggested to stabilize the binding of
Lhca complexes to the core, are significantly reduced. In frac-
tion A6 the stromal subunits PsaC, -D, and -E are also missing;
it still contains PsaA and PsaB and likely represents a core het-
erodimer lacking all small subunits or peripheral antennae.
PSI (Sub)complexes: Absorption, Fluorescence, and Pigment
Analysis—The absorptionmaxima of the complexes shift to the
blue as one descends to less and less assembled states. Although
the absorptionmaximumofA1 is 679nm, it is 677nm inA4 and
A5 (Fig. 5a). A decrease in the Chl b absorption region is also
observed going fromA1 to A5, with the exception of A4, which
shows higher absorption in this region than A3.
Fluorescence emission spectra were measured at 77 K (Fig.
5b). The emission maximum is 715 nm for A1 and A2, 711 nm
for A3, and 708 nm for A4 and A5 (Table 2). The second peak
around 680 nm observed in A3 is due to the presence of a pool
of disconnected Chls in this fraction.
The pigment compositions of the five fractions were also
analyzed and are reported in Table 2. An increase in Chl a/b
ratio was observed in going from fraction A1 to A5, again with
the exception of A4, which shows a lower Chl a/b ratio as com-
pared with band A3.
Electron Microscopy and Single-particle Analysis—To deter-
mine the structural organization of PSI-LHCI, electronmicros-
copy and single-particle analysis were performed. Specimens of
PSI-LHCI yielded a relatively homogeneous preparation (see
supplemental Fig. S2). Single-particle analysis of more than
50,000 projections gave two major classes that represent two
types of complexes of a slightly different overall size. The larger
PSI-LHCI complex (Fig. 6a) represents about 40% of the data-
set, whereas the smaller type (Fig. 6b) accounts for about 55%.
The main difference between the two particles is on the right
FIGURE 3. Native PAGE of PSI-LHCI supercomplexes of C. reinhardtii (Cr) or A. thaliana (At) solubilized with 1% -DM and 0.4% Zwittergent-16 (A) or with 0.01%
SDS (B). C, shown is a native gel of the B1 band solubilized with 0.01% SDS (Cr) compared with the PSI-LHCI (sub)complexes of A. thaliana (At).
FIGURE 4. Quantification of the LHCI (A) and PSI core (B) polypeptides
found in the PSI-LHCI subcomplexes. The number of spectra assigned to
individual subunits was normalized to the number of spectra assigned to the
PsaA/PsaB polypeptides in the same fraction. The values are reported relative
to the values determined for each polypeptide in fraction A1.
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side of the projectionmap, with a clear absence of density in the
smaller complex. The difference is not amatter of a variation in
tilt on the carbon support film (see supplemental Fig. S4) but is
likely due to the loss of a specific subunit.
For a structural assignment of the PSI-LHCI projection
maps, determination of their handedness is crucial. This was
facilitated by the presence of a characteristic crescent-shaped
density at the right side of the EM projection maps (Fig. 6),
which is typical for the PSI-LHCI complex seen from the stro-
mal side (see supplemental Fig. S3A and Ref. 48). This charac-
teristic density facilitated a manual fitting of the x-ray model of
plant PSI-LHCI (54) into the projection maps of the C.r.PSI-
LHCI (Fig. 7, a and b). The fit shows an overall good agreement
between x-ray and EM data, especially for the larger complex
(Fig. 7b). In the case of the smaller complex, the lack of EM
density on the right side of the projectionmapmay correspond
to the absence of PsaL and PsaH (Fig. 7, white arrows) rather
than to the absence or presence of a larger-sized Lhca subunit.
This assignment is supported by the biochemical data indicat-
ing that PsaH and PsaL are the first subunits to be lost (see
above). An on-scale comparison of theC.r.PSI-LHCI projection
maps with the structure of pea PSI-LHCI clearly indicates that
the antenna proteins of C. reinhardtii are all bound at one side
of the core (Fig. 7, a and b).
To delve further into the organization of the Lhca complexes,
we performed a similar analysis of fraction A2, which lacks
Lhca2 and Lhca9. Electron microscopy of the A2 specimen fol-
lowed by image analysis of about 20,000 single-particle projec-
tions produced a projection map similar to but smaller than
that of theC.r.PSI-LHCI complex (Fig. 6c). A direct comparison
of the projection maps of PSI-LHCI and A2 (Fig. 6, a and c)
leads to the localization of Lhca2 and Lhca9. One of them occu-
pies the binding site where Lhca1 binds to the core in higher
plants, whereas the other is located in a position that is not
present in higher plants (Fig. 7, b and c). Regarding the other
Lhca complexes, the improvedmap allows recognition of small,
but strong, circular densities (Fig. 7, a and b, black asterisks)
that we assume correspond to helix C of the Lhca proteins,
which is roughly perpendicular to the membrane plane, thus
resulting in a strong density in the projection map (see also
supplemental Fig. S3A). Based on the x-ray model fitting, the
inner row of Lhca proteins in C. reinhardtii comprises four
Lhca proteins that can directly associate with the core, in prin-
ciple in a mode similar to that of plants. However, a local mis-
match in the x-ray model fitting indicates that at least one Lhca
protein of the inner row, the first from the top, has a slightly
different binding position/orientation inC. reinhardtii (Fig. 7,a
and b, yellow arrows). The fitting of the plant PSI-LHCI struc-
ture into theC.r.PSI-LHCImap highlights an additional area of
the projection map, comprising an outer row of Lhca proteins
absent in the plant structure (Fig. 7a). The localization of the
topmost Lhca in the outer row is evident from the well resolved
EM density (Fig. 7, a and b, blue arrows). The fitting of the four
remaining Lhca proteins is facilitated by the localization of their
C helices (Fig. 7b), allowing determination of the position of all
nine Lhca complexes in the structure of C.r.PSI-LHCI.
DISCUSSION
In contrast to higher plants, a consistent picture of the com-
position and organization of the antenna subunits in PSI of
C. reinhardtii is not yet available. There is also no consensus
about the number of Lhca copies associated with PSI, as Lhca/
core stoichiometries ranging from 4 to 14 have been proposed
(26, 27, 31–33, 35, 37). In this work we have purified a His6-
tagged version of C.r.PSI-LHCI after mild detergent solubiliza-
tion of the membranes. PSI-LHCI subcomplexes with different
antenna sizes have been obtained after further solubilization of
the purified complex, suggesting that the association of at least
part of the antenna to the core is relatively loose, which could at
FIGURE 5. Absorption (a) and low temperature fluorescence emission (b)
spectra of PSI-LHCI subcomplexes shown in Fig. 3.
TABLE 2
Pigment composition of PSI-LHCI subcomplexes A1-A5







A1 4.4  0.1 5.5  0.4 679 715
A2 4.5  0.1 5.6  0.4 679 715
A3 5.7  0.3 6.3  1.7 678 711
A4 4.6  0.2 6.7  0.3 677 708
A5 6.5  0.5 7.6  1.6 677 708
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least partially explain the discrepancy in the number of Lhcas
that have been found associated with the core.
Lhca/Core Stoichiometry; Nine Lhca Complexes Are Associ-
ated with PSI Core—The largest PSI-LHCI complex purified
was shown to be highly homogeneous (supplemental Fig. 2).
Several lines of evidence suggest that the Lhca/core ratio of this
complex is 9; (i) the comparison of the C.r.PSI-LHCI projec-
tions with either the A. thaliana complex or the pea PSI-LHCI
crystal structure suggests the presence of 5 extra Lhcas in the
former (Fig. 7); (ii) the apparent molecular mass of C.r.PSI-
LHCI is 770 kDa, corresponding to a complex with 9 Lhcas; (iii)
the Chl a/b ratio of 4.4 of C.r.PSI-LHCI is consistent with the
presence of 9 Lhca complexes with an average Chl a/b ratio of
2.2, in agreement with the results on reconstituted Lhcas (30);
(iv) a PSI subcomplex with molecular mass of 690 kDa (i.e. still
far larger than the plant supercomplex) was shown (by MS and
EM) to lack two Lhca subunits and some core subunits com-
pared with the largest PSI-LHCI supercomplex.
EM analysis shows that the C.r.PSI-LHCI preparation con-
tains only two types of particles differing by some density at the
PsaH/PsaL site. This density, however, is too small to accom-
modate a Lhca complex. The preparation is thus homogeneous
with respect to the antenna composition. Comparison of the
EM maps of C.r.PSI-LHCI and the A2 subcomplex reveals the
positions of Lhca2 and Lhca9 as two well defined densities.
These densities are present in all particles in the PSI-LHCI frac-
tion, implying a 1:1 stoichiometry of each polypeptide with the
core.
In a recent study it was found that most of the Lhca com-
plexes, including Lhca2 and Lhca9, are present in a substoichio-
metric amount with respect to the core (35). However, these
data were obtained by averaging the results of three prepara-
tions with different Chl a/b ratios and thus very likely with
different antenna sizes. Indeed, Stauber et al. (35) suggest that
7.5  1.4 Lhca proteins are present per core complex, with the
highest value in that range being in good agreement with our
results. Moreover, the Lhca complexes that were suggested to
be in a 1:1 ratio with the core are Lhca1, Lhca3, Lhca4, and
Lhca7, which correspond (with the exception of Lhca4) to the
complexes that are still present in the smaller particles (Fig. 4A)
and are thus likely to be more stably associated with the core.
Disassembly of the Complex—The sequential disassembly of
the C.r.PSI-LHCI complex after secondary solubilization pro-
vides information about the hierarchic organization of the
complex. The first step in the disassembly process (i.e. produc-
tion of subcomplex A2) corresponds to the loss of PsaL, PsaH,
Lhca2, and Lhca9. The fact that these polypeptides are lost first
in the presence of a very low concentration of ionic detergent
indicates that they are rather loosely bound. It also explains
previous reports in which Lhca2 and Lhca9 were either absent
or present in substoichiometric amounts (33, 35). The facile
loss of these LHCI complexes, which are known to harbor the
red-most forms of the antenna pigments (30), might also
explain the large discrepancies in excitation energy transfer and
trapping studies of C.r.PSI-LHCI found in the literature
(55–59).
FIGURE 6. Average projection maps of C.r.PSI-LHCI (A and B) and the A2 fraction (C). The maps in panels A and B depict the two major class averages of
PSI-LHCI complex, representing sums of about 2000 particles each. The larger particle (A) represents 40% of the population in the fraction, while the smaller
one (B) represents 55% of the particles. Panel C shows the sum of 500 particles of the Lhca2/Lhca9-less complex from fraction A2. The black and gray arrows
indicate the presence and absence of two densities of similar size and shape at the top. Space bar  10 nm.
FIGURE 7. Structural assignment of the smaller (a) and larger (b) type of C.r.PSI-LHCI complex by fitting the high resolution structure of the plant
PSI-LHCI complex (PDB code 2WSC) (54). The white arrow indicates the position of two peripheral subunits PsaL and PsaH. The yellow arrow shows the
best-resolved density of Lhca protein of the inner row, which corresponds to the position of Lhca1 in the plant PSI-LHCI complex; the blue arrow indicates the
density of the best-resolved Lhca protein of the outer row of LHCI. Black asterisks (a) mark the high density spots of the proposed outer LHCI half-ring, which are
presumed to correspond to the C helix of the Lhca polypeptide. A tentative fitting of the outer row of LHCI using the structure of the Lhca2 protein is indicated
in panel b. Panel c, the PSI-LHCI-LHCII supercomplex of A. thaliana (adapted from Kouril et al. (63)) is shown at the same scale for a direct comparison of the PSI
antenna size between green algae and plants.
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The second disassembly step leads to a complex (A3) with an
apparent molecular mass of 570 kDa and which lacks Lhca 4,
Lhca5, and Lhca6. No loss of core subunits beyond PsaH and
PsaL, which are already absent in the A2 complex, was
observed. The 120-kDa difference between A2 and A3 can thus
be fully attributed to the loss of 3 Lhca antenna complexes.
The next subcomplex (A4) has an apparent molecular mass
of 460 kDa. It has lost PsaK, PsaG, and PsaF, but it seems to
retain part of the antenna. Indeed, all Lhcas but Lhca2 and
Lhca9 could be detected in this fraction. However, their level
was around 40% that in the largest complex (A1), with the
exception of Lhca7 and Lhca8, whose presence was unchanged.
Fraction A4 also shows a lower Chl a/b ratio as compared with
fraction A3, in agreement with a higher content of Lhca. The
apparent discrepancy of having a complex with reducedmolec-
ularmass but with higher antenna content can be reconciled by
taking into account the fact that Lhca complexes can also form
a large complex (300–540 kDa) in the absence of the core (10,
33). This complex has been shown to be composed of all Lhcas
but Lhca3, Lhca2, andLhca9 and to have an emissionmaximum
at 708 nm. These are also the characteristics of the A4 fraction
(except for the presence of Lhca3), suggesting that this fraction
contains a PSI subcomplex co-migrating with a Lhca-oligomer.
The 460-kDa complex corresponds well to a core that has lost
PsaK, PsaG, PsaF, PsaL, and PsaH but still retains two Lhcas.
The best candidates for these are Lhca7 and Lhca8, which are
still present at WT levels, or Lhca3, which is present in this
fraction but not expected to be part of the Lhca-oligomer.
Fraction A5, with an apparent molecular mass of 370 kDa,
represents a core complex that has lost the full Lhca comple-
ment in addition to the above-mentioned PSI-core subunits.
The Lhca proteins detected in this fraction (all but Lhca2 and 9)
are all present at low but comparable levels. This is likely due to
co-migration of an antenna oligomer, which can apparently
exhibit different sizes.
In the last step of the disassembly, an additional complex
appears that has lost the stromal subunits PsaC, PsaD, andPsaE.
It is composed of only the central subunits PsaA and PsaB and
thus represents a stripped-down PsaA/B heterodimer. The
implied disassembly sequence, PsaH/L PsaG/K/F PsaC/D/
E  PsaA/B, suggests that the assembly of the PSI complex
occurs in the opposite order, in partial agreement with recent
results (10). Moreover, it corresponds to more and more fun-
damental biochemical function, with the PsaA/B heterodimer
being the locus of charge separation, PsaC/D/E adding the ter-
minal acceptors and ferredoxin-binding site, PsaF/J (the latter
implied) adding the plastocyanin-binding site, and PsaG/K
adding the ability to bind LHCI antenna complexes (12, 13, 16,
60). Finally, PsaL/H add the ability to bind LHCII trimers dur-
ing state transitions (17, 18).
Photosystem I Organization—Although several studies have
focused on the structural organization of the PSI-LHCI com-
plex of C. reinhardtii (26, 27, 37, 61), this has not yet led to a
conclusive model for the antenna organization. The discrep-
ancy between previous models is largely due to limited resolu-
tion in the electron microscopy density maps. This made it
impossible to determine the positions of individual Lhca pro-
teins, and even the orientation and positioning of the PSI core
moiety can be questioned (27).Moreover, at the time of the first
studies (26, 27), the plant PSI-LHCI structure, which turned out
to be crucial for assignment of the correct stoichiometry and
position of the four Lhca antenna proteins (20), was not yet
available. In this study we obtained a PSI-LHCI projection map
at about 15 Å resolution, and the density profile enabled us to
position the core complex and 9 Lhca antenna polypeptides. In
particular, the assignment of five similar high density spots in
the peripheral part of the LHCI antenna, assumed to corre-
spond to the density of the C helix of the 5 outer Lhca proteins,
was helpful to establish the stoichiometry. The positions of
Lhca2 and Lhca9 were assigned with high confidence. Further
data are necessary to determine the exact location of the other
seven Lhca proteins, but based on the reasonable assumption
that PSI-LHCI complexes disassemble by losing themost exter-
nal antenna complexes first, we propose that Lhca4, Lhca5, and
Lhca6 are located in the outer half-ring of the supercomplex,
whereas Lhca1, Lhca3, Lhca7, and/or Lhca8 compose the inner
half-ring, with Lhca3 located next to PsaK, based on previous
results (62). It is interesting to observe that the loss of PsaG,
PsaK, and PsaF leads to the dissociation of a large part of the
antenna, confirming the important role of these subunits in the
stable association of LHCI with PSI (10).
PSI of Chlamydomonas Versus PSI of Higher Plants—The
comparison of the PSI-LHCI supercomplexes from green algae
and plants reveals that they differ in several respects. (i) The
outer antenna of green algal PSI-LHCI in is larger than in plants
(nine Lhcas versus four). (ii) The Lhcas are organized into two
half-rings on one side of the core; the outer half-ring is not
present in plant supercomplexes. (iii) C.r.PSI-LHCI is less sta-
ble than the complex from higher plants and easily loses some
of the Lhcas, starting with Lhca9 and Lhca2. (vi) The amount of
red forms is far lower forC.r.PSI-LHCI than for the plant super-
complex; theC. reinhardtii complex has an emissionmaximum
at 715 nm versus 735 nm for the one fromA. thaliana. (v) LHCI
complexes from C. reinhardtii have a higher Chl b content as
compared with plant LHCI.
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